Introduction
Transcription initiation in Escherichia coli is characterized by the binding of RNA polymerase (RNAP) to the promoter DNA, followed by a sequence of conformational changes, involving both the DNA and the protein, that result in partial strand separation and formation of the open promoter complex (RP o ) (von Hippel et al., 1984; Leirmo and Record, 1990; Shu and Record, 1993) . A variety of techniques have been used to analyze the structure of the RP o complex and other intermediates of the reaction. The structure of E.coli RNAP, obtained by electron crystallography at~25 Å resolution, revealed an overall size of the enzyme of~100ϫ100ϫ160 Å and the presence of a channel 25 Å in diameter and 55 Å in length that has been proposed to comprise the DNA-binding site (Darst et al., 1989; Polyakov et al., 1995) . Many DNase I
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and hydroxyradical DNA footprinting studies of the σ 70 RP o have shown that a DNA length of~70-95 bp (240-320 Å) is protected from cleavage (Schickor et al., 1990; Craig et al., 1995) . The extent of this DNA protection largely exceeds the length of the putative DNA-binding channel and is even more extended than the longest axis of the RNAP.
Several studies have also investigated the DNA bend angle induced by RNAP upon promoter binding. Gel mobility analysis of E.coli RNAP bound to the A1 promoter of the phage T7 has shown a lower mobility of complexes bound near the center of the DNA fragment compared with those bound close to the ends (Heumann et al., 1988b) . A neutron scattering study of this complex has determined a DNA bend angle of Ͻ45° (Heumann et al., 1988a) and, successively, quantitative electro-optics has estimated a value of 45 Ϯ 5°for the bend angle induced by RNAP (Meyer-Alme et al., 1994) . Furthermore, circular permutation analysis has also demonstrated RNAPinduced bending at the gal promoter (Kuhnke et al., 1989) . Electron microscopy studies of RNAP complexes with the T7 promoter showed the DNA bent (Williams and Chamberlin, 1977) , but these data were not analyzed statistically. A more accurate analysis of DNA bend angle induced by RNAP has been presented in two atomic force microscopy (AFM) studies. In the first, σ 70 RP o at the λP L promoter showed a bend angle distribution centered around 54° (Rees et al., 1993) . In a similar work, AFM images of σ 54 RP o at the glnA promoter showed a distribution of bend angles centered around 114°. In addition, the contour length of DNA fragments containing the RNAP·σ 54 -DNA open complex was significantly shorter than that of free DNA molecules, indicating a possible wrapping of the DNA around the RNAP (Rippe et al., 1997) .
Other authors previously have suggested that in the initiation complex the DNA may wrap around the surface of the polymerase forming a nucleosome-like structure. Evidence for DNA wrapping has emerged from DNA supercoiling experiments (Amouyal and Buc, 1987) , DNA footprinting (Schickor et al., 1990; Craig et al., 1995; Nickerson and Achberger, 1995) , protein-DNA crosslinking and microscopy analysis (Polyakov et al., 1995; Kim et al., 1997; Rippe et al., 1997; Robert et al., 1998) .
To understand further the process of transcription initiation, we have investigated the structure of E.coli RNAP·σ 70 open promoter complex formed at the λ PR promoter using a combination of biochemical and AFM methods. Taking advantage of the high resolution and contrast that can be obtained with AFM Bustamante and Rivetti, 1996) , DNA contour length and DNA bend angle analyses were performed on a large number of RNAP-DNA complexes. The results presented here provide strong evidence that DNA wraps around the RNAP open promoter complex. Possible implications of the effect of Ni 2ϩ ions, which have been used to enhance adsorption of DNA and protein-DNA complexes onto mica (Hansma et al., 1995 (Hansma et al., , 1996 Kasas et al., 1997; Schulz et al., 1998) , on the conformation of open promoter complexes are also discussed.
Results

Images of RNAP-DNA complexes
Three different DNA templates (denoted as A, B and C) were used to study the conformation of E.coli RNAP open promoter complexes by AFM (Figure 1 ). All DNA templates contain one or two λ PR promoters located near the center of the molecule. Templates A and B were designed such that the short arm corresponds to the upstream and the long arm corresponds to the downstream region of the promoter. A typical image of RP o assembled with template B (1054 bp) is shown in Figure 2A . Under these conditions, most of the DNA molecules have one RNAP bound and the concentration of complexes on the surface is ideal for DNA bend angle and contour length measurements. The activity of open promoter complexes was verified by in vitro transcription assays as described in Materials and methods. Figure 2B depicts open promoter complexes formed with template C (1150 bp) which contains two λ PR promoters separated by 298 bp. Conditions were found in which one or both promoters were occupied by an RNAP. Usually~50% of the DNA molecules in the image had a single RNAP bound,~30% had two RNAPs bound and~20% were free of proteins. In this case, because of the position of the two promoters relative to the DNA ends, it was not possible to determine 4465 whether RNAP had bound to the first or the second promoter. Figure 2C shows DNA molecules of template C alone, with one and with two polymerases bound. The thin black lines represent the DNA contour traced as described in Materials and methods. The contour length of each trace is indicated in the image. The small dots are the nearest point along the contour to the center of the RNAP. The thick blue lines are the segments drawn to measure the DNA bend angles. Figure 2D is an image of complexes between RNAP and template B that were obtained in the presence of a sufficiently high concentration of the transcription inhibitor heparin that competes for the DNA-binding site of RNAP (Schlax et al., 1995) . Under these conditions, it was observed that RNAP can, to some degree, still bind to the DNA and appears to have a higher affinity for the DNA ends. In vitro transcription assay showed that these heparinresistant complexes are not transcriptionally active (data not shown). Presumably, these complexes involve the binding of RNAP through some type of non-specific interaction. This interpretation is supported by the random distribution of the RNAP bound along the DNA. To increase the number of complexes on the surface, the reaction was carried out using a higher protein concentration. These complexes will be used as controls in the analysis that follows.
Position of the RNAP along the template DNA
The position of the RNAP along the DNA template was determined by measuring the DNA contour length from the center of the RNAP to each end. The position was then expressed as the ratio between the shorter and the longer arm of the DNA. Table I compares the expected arm ratios, calculated from the DNA sequence assuming the transcription start site to be at the center of the RNAP, with the arm ratios measured from the AFM images. Interestingly, all complexes analyzed displayed an arm ratio smaller than that expected from the DNA sequence. This result indicates that the transcription start site does not coincide with the center of the RNAP. Significantly, DNA footprinting experiments showed that of the 95 bp protected by the polymerase, 70 bp are upstream and 25 bp downstream of the transcription start site (Craig et al., 1995) . A more accurate analysis of the contour length of the DNA arms is reported below.
The arm ratio was used to exclude non-specific complexes from the analysis. In the case of templates A and B, only those complexes in which the arm ratio was within one standard deviation from the mean were considered. The same procedure was used to select complexes of template C with one RNAP bound since the expected arm ratio for binding at either promoter was very similar (Table I) . No selection procedures were applied to complexes on template C with two RNAPs bound.
The asymmetric location of the RNAP makes it possible also to determine the orientation of the complexes on the surface. This was done by analyzing the direction of bending of the downstream DNA with respect to the upstream DNA. Table II shows that complexes with the bend towards the left and those with the bend towards the right are equally populated. Thus, His 6 -RNAP does not produce a preferential binding of the complexes to the The larger number of polymerases with respect to DNA molecules reflect a higher concentration of RNAP used to make these complexes. All images were recorded in air with the microscope operating in tapping mode. The color code corresponds to a height range of 5 nm from dark to clear. mica surface even in the presence of NiSO 4 . This result differ from data published previously where mostly lefthanded configurations were observed in AFM images of His 6 -RNAP complexes (Hansma et al., 1997) .
DNA bend angle measurements
As shown in Figure 2A -C, the DNA of E.coli RNAP open promoter complexes appears bent by the binding of the polymerase. To quantify the extent of protein-induced DNA bending, we have employed AFM imaging and polyacrylamide gel electrophoresis. Measurements of DNA bend angles from the AFM images were performed using the tangents method and the mean square end-toend distance method (Materials and methods).
The bend angle distributions of open promoter complexes obtained with the tangents method are shown in Figure 3 . For each distribution, the mean value and the standard deviation of the Gaussian fitting are summarized in Table II . The bend angle of RP o formed with template A, B or C, in this latter case considering only those complexes with one RNAP bound ( Figure 3A-C 
Bend angle values determined with the tangents method are the mean of the Gaussian fit of the bend angle distributions (Figure 3 ) Ϯ the standard deviation from the mean. Bend angle values obtained from the 〈R 2 〉 were calculated using Equation 1. In gel mobility assays, the bend angle was determined from calibration curves of A-tract markers assuming either 14 or 18°bending for each A-tract. The values are the mean Ϯ SD of three independent experiments. The number of complexes corresponds to those analyzed with AFM methods. The letters in parentheses indicate the DNA template used.
the bend angle distributions because previous KMnO 4 footprinting experiments indicate that, under the present conditions, RNAP·σ 70 complexes at the λ PR promoter exist predominantly in a well defined, single open promoter configuration (Tsodikov et al., 1998) , whereas other configurations, such as closed promoter complexes or intermediate complexes, are not significantly populated.
The distribution in Figure 3D corresponds to all the bend angles measured from template C with two RNAPs bound. The mean of the Gaussian fitting to this distribution is 40 Ϯ 67°. This value is lower than the value of 60°o btained for the two single promoters. A lower value would be expected in the case where the two bends do not lie in the same plane. This implies a distortion of one or both angles during the transition from three to two dimensions upon deposition onto the mica surface. The distance between the two promoters is 298 bp, which corresponds to 298/10.5 ϭ 28.4 DNA turns. Moreover, the exact value of the dihedral angle between the two RP o s will also be influenced by the DNA unwinding of the DNA region at each promoter. With the mean square end-to-end distance method, a bend angle of~70°was determined for templates A and B and 88°for template C (Table II) . Gel mobility assays were performed with RP o on template A or B. In the absence of polymerase, these DNA fragments displayed the same gel mobility, indicating the absence of intrinsic bending. Conversely, a significant lower mobility of the 'middle' RP o with respect to the 'end' RP o was observed. Table II reports the bend angles measured from gel mobility assay, using calibration curves obtained with a set of DNA fragments harboring phased A-tracts (Thompson and Landy, 1988) .
DNA contour length analysis
A structural feature that can be measured easily from the AFM images of DNA and open promoter complexes is the DNA contour length. This measurement is done by tracing the DNA backbone from one end to the other and calculating the length of the traced line. In the case of DNA alone, the whole molecule is visible and the procedure is straightforward. On the other hand, when imaging protein-DNA complexes, the DNA that is in contact with or in close proximity to the RNAP is hidden by the broadening effect of the tip. Therefore, contour length measurements 4467 In order to compare data from different experiments, particular care was taken for those experimental parameters that could bias the measurements. In particular, all the images were collected with equal scan size and all sample depositions were done in the same buffer conditions using ruby mica as a substrate. All the DNA contour length measurements were carried out with the same procedure by the same user. When possible, molecules of free DNA and RP o were measured from the same set of images.
DNA molecules
The contour length distributions of the three DNA fragments (A, B and C) used for this study are shown in Figure 4 , and the mean values, given by the Gaussian fitting of these distributions, are reported in Table III . The DNA rise per base pair, as determined from the ratio of the measured contour length of DNA and the number of base pairs for each DNA fragment, is 3.2 Å/bp. This value is slightly smaller than the canonical value of 3.4 Å/bp for B-form DNA. The discrepancy is probably due to the smoothing routine applied to the DNA trace to reduce the noise and to the limited resolution of the microscope. Using the DNA contour length and the 〈R 2 〉, it is possible to determine the DNA persistence length from images of free DNA molecules (Frontali et al., 1979; Rivetti et al., 1996) . From all the DNA templates used, a persistence length of~50 nm was calculated. This value is in agreement with previously reported data and with previous results showing that the deposition process does not alter the conformation of the molecules . The fact that the 〈R 2 〉 value is close to the value expected for intrinsically straight polymers in two dimensions also suggests the absence of intrinsic bends or kinks in DNA fragments containing one or two λP R promoters. This interpretation is supported by the absence of a band shift in gel mobility experiments of promoter DNA without polymerase. Alternatively, the bend may be either too small to influence the 〈R 2 〉 significantly or, less likely, the effect produced by a bend may be counterbalanced exactly by an opposite bend or by a higher persistence length of the DNA. Figure 4A shows the distributions of the contour length measurements obtained with template A alone and in RP o .
Open promoter complexes
The mean values, given by the Gaussian fitting of these distributions, are reported in Table III . A significant shift toward lower values of the center of the contour length distribution for RP o can be seen. The contour length reduction, expressed in terms of the difference between the mean values of the two distributions, is 32 nm. The DNA contour length measurements of RP o on template B ( Figure 4B ; Table III ) showed a reduction of 28 nm with respect to the free DNA. The contour length distributions, obtained with template C alone and in complex with one or two polymerases, are shown in Figure 4C . In this case, the reduction observed for complexes with one polymerase bound was 31 nm (Table III) . Interestingly, when both promoters were occupied by an RNAP, the contour length reduction was 55 nm, almost twice that observed with one RP o . In this experiment, free DNA molecules and open promoter complexes were measured from the same set of images. To increase the number of DNA molecules evaluated, some measurements were also done on a separate set of images of free DNA. No difference in the mean contour length of free DNA molecules was observed between the two experiments. The above results show that the formation of one RP o on a DNA fragment causes a reduction of the DNA contour length of~30 nm (~90 bp). As determined by electron crystallography, the E.coli RNAP is a globular feature with a circumference of~32 nm (Darst et al., 1989) . Therefore, the observed reduction of the DNA contour length is consistent with a model in which the DNA is actually wrapped around the protein surface. In some cases, the particular orientation of the complexes on the surface and the especially good imaging conditions gave rise to images in which a nucleosome-like structure of the RP o was discernible. A gallery of such complexes is shown in Figure 5 .
Open promoter complexes in the presence of NiSO 4
Millimolar concentrations of NiSO 4 have been used to enhance adsorption of DNA and protein-DNA complexes onto mica in some previous AFM studies (Hansma et al., 1995 (Hansma et al., , 1996 Kasas et al., 1997; Schulz et al., 1998) . We found that the presence of millimolar concentrations of NiSO 4 in the in vitro transcription reaction completely inhibits RNA synthesis (data not shown). Complexes assembled with template B in conditions that favor RP o formation were exposed to 5 or 10 mM NiSO 4 , deposited on mica and imaged in air by AFM. The bend angle distributions obtained with the tangents method are shown in Figure 3E and F, and the values of the Gaussian fitting are reported in Table II . The presence of Ni 2ϩ dramatically influences the DNA bend angle induced by the RNAP; at a concentration of 15 mM NiSO 4 , the average bend angle is closed to 0°. This behavior is confirmed by the bend angle determination using the mean square end-to-end distance method. An inspection of the bend angle distribu- tions in Figure 3A -D (active RP o without NiSO 4 ) reveals that complexes with a bend angle close to zero are rare and that there are also several complexes with a bend angle of~180°(i.e. RNAP is at the apex of a very sharp kink). The situation in the presence of NiSO 4 is reversed ( Figure 3E and F): many complexes have a bend angle close to zero (i.e. the DNA is straight), and almost none have the sharp kink configuration seen before. In addition, these complexes showed a DNA contour length reduction of only 19 and 10 nm in 5 and 15 mM NiSO 4 , respectively ( Figure 6 , Table III ). It is interesting to observe that also in the presence of NiSO 4 the RNAP remains bound at the promoter as can be deduced from the arm ratio shown in Table I .
Artificial complexes and heparin-resistant complexes
Two control experiments were performed to validate further the measurements obtained from AFM images of RP o complexes. The first type of experiment was designed to test if the presence of a globular feature along the DNA path could have biased the performance of the tracing routine used to measure the DNA contour length. To this end, a set of images of DNA molecules was analyzed and the mean contour length was determined. Next, using software tools, the globular feature of an RNAP was superimposed on each DNA molecule to simulate an RNAP-DNA complex. Such artificial complexes were then re-measured and analyzed with the same procedure used for the free DNA. The contour length distributions obtained in the two cases ( Figure 7A , Table III) were almost identical, arguing that no artifacts were introduced in the contour length measurement by a globular feature along the DNA path.
A second control was designed to determine whether non-specifically bound RNAP induces significant changes in the DNA contour length. This test is difficult to design because even a promoter-less DNA fragment could contain sequences that function as pseudo-specific binding sites for RNAP (Kadesch et al., 1980) . A way to overcome this problem is to form non-specific complexes in the presence of heparin. Heparin is a polyanion that mimics DNA and presumably inhibits transcription by interfering with the formation of a specific RNAP-DNA complex at the promoter. Therefore, the complexes observed in the presence of heparin are of a non-specific nature ( Figure 2D ). The analysis of these complexes shows that the presence of one or even two polymerases bound to the DNA in the presence of heparin does not reduce the DNA contour length ( Figure 7B , Table III ). DNA molecules with RNAP bound to one or both ends were not scored since the DNA contour length could not be measured accurately. In this experiment, all molecules were measured from the same set of images. These experiments indicate that the DNA contour length reduction observed in AFM measurements is a peculiar feature of active open promoter complexes.
Analysis of the DNA arms
The asymmetric location of the promoter within the DNA template makes it feasible to distinguish between the upstream and the downstream regions of the DNA with respect to the RNAP. It is possible, therefore, to determine the fraction of DNA wrapped around the polymerase that is part of the upstream or downstream arms of the template. Taking the transcription start site as the reference point, the expected arm ratio for template A is 0.77 (439/569). However, the ratio of the measured contour lengths of the upstream and downstream arms, obtained from the AFM images, was 0.70 (Table I) . This smaller ratio is not due to the overall reduction in contour length of the RP o . In fact, assuming an equivalent reduction for both DNA arms, the measured ratio would be: (Craig et al., 1995) and cross-linking data (Brodolin et al., 1993) , and with the high degree of conservation found in the -10 and -35 regions among prokaryotic promoters (Hawley and McClure, 1983) .
Discussion
In this report, it has been shown that traditional biochemical methods combined with a detailed analysis of high resolution AFM images can provide new insights into the conformation of the E.coli transcription initiation complex. The data presented here confirm previous observations (Heumann et al., 1988b; Rees et al., 1993; Rippe et al., 1997) that upon RP o formation, the binding of RNAP bends the promoter DNA. By using different methods, a DNA bend angle of~60-70°was determined. The good correspondence between bend angle values obtained by gel retardation and those measured by AFM indicates that the three-dimensional conformation of the complexes in solution is maintained upon deposition onto the mica substrate. Moreover, it shows that the end-toend distance method is a valuable alternative to the tangents method for bend angle determination. Although the tangent method has the advantage of giving not only the mean bend angle but also the bend angle distribution of a population of complexes, it is often difficult to estimate the exact location of the DNA exiting from the 4471 protein because of the broadening effect of the AFM tip. On the other hand, end-to-end distance measurements are influenced minimally by the broadening effect of the tip but they do not provide information on the distribution of bend angles. The bend angle distributions shown in Figure 3 are rather broad. This could reflect open promoter complexes with a well defined bend angle that are adsorbed onto the surface in slightly different orientations. In addition, thermal fluctuations will broaden the distributions to some extent. It may also be argued that the distributions are multi-modal and might reflect different configurations of the protein-DNA complex, such as closed or intermediate complexes. However, in light of evidence (Tsodikov et al., 1998 ) that σ 70 RNAP at the λ PR promoter forms exclusively open complexes under the present conditions, this latter interpretation has not been considered. This is different from σ 54 RNAP where open complex formation is inefficient and open complexes coexist with a significant population of closed complexes (Rippe et al., 1997) .
A second important result that has emerged from this study is that the DNA contour length of RP o is 30 nm less than the contour length of protein-free DNA molecules. This result is indicative of DNA wrapping around the surface of the polymerase in the RP o complex. Consequently, the overall DNA distortion is much larger than the apparent bend angle and is estimated to be~300°( Figure 8A ).
When open promoter complexes were exposed to millimolar concentrations of NiSO 4 , the synthesis of RNA was prevented as demonstrated by in vitro transcription. The AFM analysis of such complexes has revealed that at 15 mM NiSO 4 the DNA bend angle induced by RNAP disappears and the contour length is reduced by only 10 nm. This effect cannot be attributed to the binding of the Ni 2ϩ ions to the histidine tag of the βЈ subunit because His 6 -RNAP is active when bound to Ni 2ϩ -NTA-agarose (Kashlev et al., 1993) . In addition, in vitro transcription with wild-type RNAP gave similar results (Niyogi and Feldman, 1981) .
Because of the limited amount of data in the literature, we can only present a speculative hypothesis to explain the observed Ni 2ϩ effect upon transcription. As proposed by Craig et al. (1995) , an Mg 2ϩ ion on the RNAP located near position -38 could be responsible for the increased DNA bending that accompanies the formation of the RP o . Such a bending is thought to be crucial for wrapping of the DNA around the polymerase. It is possible that the substitution of Mg 2ϩ with Ni 2ϩ causes loss of activity, the disappearance of the bend angle and unwrapping of the DNA from the polymerase. Alternatively, it is possible that millimolar concentrations of Ni 2ϩ could make the polymerase adopt a closed complex conformation. This hypothesis would also explain the promoter localization of the polymerase in the presence of Ni 2ϩ as observed from the images (Table I) .
In the past, several authors have proposed the possibility that the DNA might wrap around the polymerase in the initiation complex. (i) DNA topology experiments of RP o , with both weak and strong promoters, revealed that a strand separation of 12 bp could not account for the observed topological unwinding of 1.7 turns (Amouyal and Buc, 1987) . Because the measured unwinding was Darst et al. (1989) . The RNAP channel has been drawn closed as described in Polyakov et al. (1995) . The trajectory of the DNA has been drawn in a lefthanded superhelix configuration in agreement with topological experiments (Amouyal and Buc, 1987) .
effectively a change in linking number, it was suggested that both untwisting and negative writhing contributed to the total unwinding. (ii) In DNA footprinting experiments, the length of DNA protection by RNAP (~30 nm or 90 bp) was explained as evidence of DNA wrapping (Schickor et al., 1990; Craig et al., 1995) . (iii) In addition, the cleavage pattern with a periodicity of~11 bp, similar to that observed for nucleosomal DNA (Hayes et al., 1990) , indicates that the RNAP contacts one side of the DNA helix. Since 5 bp out of 11 are protected, it was proposed that the DNA may lie in an extensive groove on the surface of the polymerase (Craig et al., 1995) . The data presented here show that~30 nm of DNA appear missing from the images of RP o s. This and previous observations are consistent with the idea that the DNA wraps around the polymerase. A model of the structure of E.coli RNAP·σ 70 open promoter complex is drawn in Figure 8 . In this model, the DNA wraps completely around the polymerase two-thirds involving the upstream and one-third the downstream DNA region. Consequently, the region of strand separation that occurs slightly upstream of the transcription start site is located near the cleft produced by a thumb-like structure, which has been suggested to contain the active center of RNAP (Darst et al., 1989; Polyakov et al., 1995) . Complete wrapping of the DNA around the polymerase and crossing of the upstream and downstream arms have been invoked to reconcile the 30 nm reduction in DNA contour length with the 60-70°DNA bending measured from the images of RP o s. The handedness of the superhelix has been drawn according to topological experiments (Amouyal and Buc, 1987) .
The identification of the UP element (a DNA sequence rich in A ϩ T) in some bacterial promoters, located around bp -40 to -60, has expanded the region of DNA recognition by RNAP (Ross et al., 1993) . The UP element makes specific contacts with the RNAP αCTD and can stimulate transcription up to 100-fold. This interaction is thought to participate in the wrapping of DNA around the RNAP. It must be mentioned that the DNA sequence upstream of the λ PR promoter used in this study (Figure 1 ) did not show any significant similarity with the UP element. Therefore, it would be of interest to analyze the effects on wrapping of the removal of the αCTD and/or of substitutions within promoter upstream sequences.
DNA wrapping has also been proposed for the preinitiation complex of eukaryotic RNAP II in three recent protein-DNA photo-cross-linking studies (Forget et al., 1997; Kim et al., 1997; Robert et al., 1998) . Kim et al. and Forget et al. have based their hypotheses also on the observation that pre-initiation complexes imaged by electron microscopy showed a reduced DNA contour length of~50 bp compared with protein-free DNA molecules. In these studies, it is also proposed that DNA wrapping in initiation complexes might be a common feature of all multi-subunit RNA polymerases.
Transcription is a process of fundamental importance for the cell. The stability of the transcription complex is affected by the extent of the protein-DNA interactions. DNA wrapping around the polymerase maximizes the contact area between the DNA and the polymerase while keeping the protein relatively small. In E.coli, the length of the DNA that is in contact with the RNAP (~30 nm) is twice as large as the longest axis of the protein (16 nm). A requirement for transcription initiation is that~12 bp at the transcription start site are unwound and the two DNA strands are separated. A superhelical left-handed twist produced by wrapping of the DNA around the protein core provides the potential for the topological conversion of negative writhe into local untwisting (Wasserman et al., 1988) .
It is of interest to estimate the bending energy required to make the promoter DNA wrap around the polymerase. Assuming a uniform deformation around the surface of the protein, the energy to bend a worm-like chain of length l by an angle θ is given by Pk B Tθ 2 E bend ϭ 2l (Landau and Lifschitz, 1980, 1986) , where P is the DNA persistence length, k B is the Boltzmann constant and T is the absolute temperature. Assuming a persistence length of 53 nm , the formation of a 300°( 5/3π) bend, extended over a length l of 30 nm, requires 60 kJ/mol. This energy may be less if the promoter region has a higher 'bendability' due to intrinsic bending, increased flexibility or the interaction of protein factors. Previously, it has been estimated that the free energy, ∆G, of the reaction R ϩ P→RP o at the λP R promoter is -60 kJ/mol (at 25°C), from which an association constant of 3.2ϫ10 10 /M is determined (Roe et al., 1985) . Thus, it appears that without the energy cost of DNA bending, the ∆G for RP o formation would be around -120 kJ/mol. This energy would probably be too high to permit the escape of the polymerase from the promoter. Thus, the energy required for DNA bending may have the additional benefit of facilitating promoter clearance. DNA wrapping around the polymerase in RP o opens up a number of possible relevant interactions between the enzyme and specific sequences near the promoter. These interactions may play an important role during promoter recognition, promoter clearance and transcription regulation.
Materials and methods
Preparation of DNA and protein samples for AFM DNA templates A, B and C were obtained by restriction digestion with HindIII of plasmids pDE13, pSAP and pDSP, respectively. The DNA fragments containing the λ PR promoter were gel purified in 1% agarose and electroeluted by means of an Elutrap apparatus (Schleicher & Schuell, Keene NH). The DNA was phenol/chloroform extracted, ethanol precipitated and resuspended in TE buffer (50 mM Tris-HCl pH 7.4, 1 mM EDTA). The DNA concentration was determined by absorbance measurements at 260 nm. Escherichia coli RNAP with a histidine tag in the βЈ subunit was purified as described in Kashlev et al. (1993) .
Open promoter complexes were obtained by mixing 200 fmol of DNA template and 200 fmol of RNAP in 10 µl of transcription buffer (20 mM Tris-HCl pH 7.9, 50 mM KCl, 5 mM MgCl 2 , 10 mM dithiothreitol). The reaction was incubated for 15 min at 37°C. When present, NiSO 4 to a final concentration of 5 or 15 mM was added.
RNAP-DNA complexes in the presence of heparin were prepared as follows: RNAP stock solution was first incubated with 70 µg/ml heparin for 10 min. Then 10 fmol of DNA template B and 40 fmol of RNAP pre-incubated with heparin were added in 15 µl of deposition buffer containing heparin (4 mM HEPES pH 7.4, 10 mM NaCl, 2 mM MgCl 2 , 70 µg/ml heparin). The reaction was incubated for 15 min at 37°C.
In vitro transcription pSAP plasmid (170 fmol) harboring a λ PR promoter was incubated with 600 fmol of His 6 -tagged E.coli RNAP holoenzyme in 10 µl of either transcription buffer or deposition buffer. After 15 min incubation at 37°C, heparin, to a final concentration of 200 µg/ml, was added. When present, NiSO 4 to a final concentration of 5 or 10 mM was added. The reactions were incubated for 10 min at room temperature. Then 2 mM [α-32 P]UTP (800 Ci/mmol) (Amersham Pharmacia Biotech) and a mixture of 20 mM ATP, 20 mM GTP and 10 mM UTP were added and the reactions were incubated for 15 min at room temperature. Up to position 71, no cytosines are present in the coding strand, therefore, under these conditions, a 70 bp transcript is produced. Reactions were 4473 stopped by addition of a 30 µl solution containing 80% formamide, 2 mM EDTA, 0.1% xylene cyanol, 0.1% bromophenol blue. RNA transcript was analyzed by denaturing PAGE and visualized by autoradiography.
Gel mobility assay DNA fragments of 350 bp were obtained from plasmids pDE13 (A) and pSAP (B) by PCR amplification using Deep Vent DNA polymerase (New England Biolabs). 'Middle' DNA fragments had the transcription start site located at 175 bp from the 5Ј end, whereas 'end' DNA fragments had the transcription start site located at 318 bp from the 5Ј end. All DNA fragments were gel purified and labeled at the 5Ј end with [γ-32 P]ATP using T4 polynucleotide kinase (New England Biolabs).
Open promoter complexes were prepared in transcription buffer as described above using 40 fmol of DNA and 100 fmol of RNAP. The samples were loaded into a 4% (37.5:1 acrylamide/bis-acrylamide) nondenaturing polyacrylamide gel. Electrophoresis was carried out in TBE buffer at a constant voltage of 300 V for 10 h. The gel temperature was 11°C. Gel mobility analysis of DNA fragments without polymerase was performed under the same conditions with an electrophoresis time of 4 h. The bend angle calibration curve was determined in identical gel conditions with an electrophoresis time of 5 h. Bend angle markers were obtained from plasmids pJT170-3 through pJT170-6 as described in Thompson and Landy (1988) . In all cases, migration of the complexes was visualized by autoradiography.
Atomic force microscopy DNA samples were diluted to a concentration of 1-2 nM in 20 µl of deposition buffer (4 mM HEPES pH 7.4, 10 mM NaCl, 2 mM MgCl 2 ) and deposited onto freshly cleaved ruby mica (Mica New York, NY). After~2 min, the mica disk was rinsed with water and dried with a weak flux of nitrogen. Complexes in the presence or absence of NiSO 4 were deposited as follows: 2 µl of the reaction were diluted in 18 µl of deposition buffer and immediately deposited onto freshly cleaved mica. After~2 min, the mica disk was rinsed with Ͻ5 ml water and dried with nitrogen. RNAP-DNA complexes in the presence of heparin were deposited without further dilution, rinsed with water and dried with nitrogen. AFM images were obtained in air with a Nanoscope III microscope (Digital Instruments Inc., Santa Barbara, CA) operating in the tapping mode. All operations were done at room temperature. Commercial diving board silicon tips (Nanosensor, Digital Instruments) were used. The microscope was equipped with a type E scanner (12ϫ12 µm). Images (512ϫ512 pixels) were collected with a scan size of 2 µm at a scan rate of 2-5 scan lines/s. Water was purified in a Nanopure water purification apparatus (Barnstead, Dubuque IA). A detailed description of the sample preparation and AFM procedures can be found in C.Rivetti, M.Guthold and C.Bustamante (submitted).
Image analysis: DNA bend angle and contour length measurements The AFM images were analyzed using locally written software (Alex). Measurements were performed only on those molecules that were completely visible in the image, that did not have any RNAP bound at the ends and molecules in which the shape was not ambiguous. The DNA path was digitized as previously described . The position of the center of the RNAP was selected manually and adjusted automatically at the nearest point on the traced contour line. DNA bend angle measurements with the tangents method were obtained by drawing lines from the center of the polymerase to the entry and exit points of the DNA. The deviation from linearity of one tangent with respect to the other corresponds to the bend angle. The direction of bending was obtained by taking the short arm (upstream DNA) as reference and determining whether the long arm (downstream DNA) deviated towards the left or towards the right.
The mean square end-to-end distance method relies on the fact that the average end-to-end distance of DNA molecules with a bend located at any position along the contour is smaller compared with that of unbent molecules. Using polymer chain statistics methods, it is possible to infer the DNA bend angle from the mean square end-to-end distance of a homogenous population of bent molecules (Rivetti et al., 1998) . According to Equation 13 in Rivetti et al. (1998) , the bend angle cosine of a worm-like chain at thermal equilibrium in two dimensions is given by:
〈R 2 〉 -4PL ϩ 8P 2 (1 -e -l/2P ) ϩ 8P 2 (1 -e -(L-l)/2P ) cos β ϭ (1) 8P 2 (1 -e -l/2P ) (1 -e -(L-l)/2P ) where 〈R 2 〉 is the mean square end-to-end distance obtained by averaging the square of the end-to-end distances of each complex. L is the DNA contour length given by the mean of the Gaussian fitting to the contour length distribution (Table III) . l and (L -l) are the contour lengths of the DNA arms and represent the position of the bend along the molecule. l was calculated from the mean contour length and from the mean arm ratio (Table I) . P is the DNA persistence length which was assumed to be 53 nm as determined from DNA molecules imaged by AFM in similar conditions .
Images of artificial complexes were generated by superimposing the globular feature of an RNAP onto DNA molecules of images obtained with template C alone. This operation was performed with the 'copy and paste' function of the Alex software.
